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Background: Recent focus has been given to anti-amyloidogenic approaches for Alzheimer disease therapy.
Results: Methylene blue prevented behavioral impairment and mitigated Alzheimer disease-like pathology.
Conclusion: Methylene blue may be prophylactic for Alzheimer disease by inhibiting �-secretase activity and mitigating brain
pathology.
Significance: Oral methylene blue treatment modulates �-secretase.

Amyloid precursor protein (APP) proteolysis is required for
production of amyloid-� (A�) peptides that comprise �-amy-
loid plaques in the brains of patients with Alzheimer disease
(AD). Here, we tested whether the experimental agent methy-
lene blue (MB), used for treatment of methemoglobinemia,
might improve AD-like pathology and behavioral deficits. We
orally administered MB to the aged transgenic PSAPP mouse
model of cerebral amyloidosis and evaluated cognitive function
and cerebral amyloid pathology. Beginning at 15 months of age,
animals were gavaged with MB (3 mg/kg) or vehicle once daily
for 3 months. MB treatment significantly prevented transgene-
associated behavioral impairment, including hyperactivity,
decreased object recognition, and defective spatial working and
reference memory, but it did not alter nontransgenic mouse
behavior. Moreover, brain parenchymal and cerebral vascular
�-amyloid deposits as well as levels of various A� species,
including oligomers, were mitigated in MB-treated PSAPP
mice. These effects occurred with inhibition of amyloidogenic
APP proteolysis. Specifically, �-carboxyl-terminal APP frag-
ment and �-site APP cleaving enzyme 1 protein expression and
activity were attenuated. Additionally, treatment of Chinese
hamster ovary cells overexpressing human wild-type APP with

MB significantly decreased A� production and amyloidogenic
APP proteolysis. These results underscore the potential for oral
MB treatment against AD-related cerebral amyloidosis by mod-
ulating the amyloidogenic pathway.

Alzheimer disease (AD)3 is a progressive neurodegenerative
disorder that is characterized by cognitive and psychiatric dis-
turbances, eventually leading to an inability to perform activi-
ties of daily living independently and safely (1). Histopatholog-
ical hallmarks include extracellular deposits of amyloid-� (A�)
peptides as amyloid plaques in the brain parenchyma, intracel-
lular neurofibrillary tangles formed by cytoplasmic aggregates
of hyperphosphorylated microtubule-associated Tau protein,
neuronal cell death, synaptic degeneration and loss, and gliosis
(2). According to the World Alzheimer Report, there were 35.6
million people living with dementia in 2010, and this is
expected to increase to 65.7 million in 2030 and to as many as
115.4 million by 2050. The cumulative incidence of dementia is
predicted to reach 682 million people in the next 40 years (3),
illustrating that AD has become a worldwide public health cri-
sis. Shockingly, the global care cost for dementia patients is
currently 1% of the global gross domestic product (3). There-
fore, it is becoming increasingly evident that effective disease
treatment or prevention is needed. There is still uncertainty sur-
rounding whether mis-metabolism of amyloid precursor protein
(APP) leading to cerebral A� accumulation (amyloid cascade
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hypothesis), abnormal Tau phosphorylation (Tau hypothesis),
aberrant glial cytokine cycle (neuroinflammation hypothesis),
increased reactive oxygen species (free radical hypothesis), or
reduced acetylcholine synthesis (cholinergic hypothesis) is the
root cause of AD. Based on the “amyloid cascade hypothesis” of
AD, which theorizes that cerebral A� accumulation sets a toxic
downstream cascade into motion (2, 4, 5), a surge of research activ-
ity has been directed toward anti-amyloid therapeutics. Specific
approaches have included the following: preventing the self-as-
sembly of A� into soluble oligomers and insoluble deposits,
enhancing A� degradation, directly or indirectly targeting A�
neurotoxicity, preventing or reducing A� production, and
improving A� efflux from the brain into the peripheral blood (6).

Despite continued efforts from academia and the pharma-
ceutical industry, no new drugs for AD have made it to the clinic
since 2003 (7). These failures have largely been due to toxicity
and efficacy issues in preclinical rodent models and in clinical
trials. Moreover, currently available pharmacotherapeutics (i.e.
acetylcholinesterase inhibitors or N-methyl D-aspartate antag-
onists) show precious little symptomatic benefit, and none have
been successful at preventing, treating, or curing the disease.
Additional clinical trials are currently underway based on the
amyloid cascade hypothesis, and we await results from those
studies. Nonetheless, this inconvenient truth has led the field to
explore alternative approaches to designer drugs for AD pre-
vention and treatment.

Methylene blue (MB; 3,7-bis(dimethylamino)-phenothiazin-
5-ium chloride) is a heterocyclic aromatic chemical compound
that belongs to the phenothiazine class of compounds. Current
indications for MB include treatment for enzymopenic hered-
itary methemoglobinemia and acute acquired methemoglobin-
emia, ifosfamide-induced encephalopathy, urinary tract infec-
tions in elderly patients, vasoplegic adrenaline-resistant shock,
and pediatric malaria. Additionally, MB is routinely employed
as a diagnostic tracer dye in surgical procedures (8, 9). In the
context of neurological diseases, the beneficial effects of MB
have been demonstrated for treatment of psychosis in both pre-
clinical (10, 11) and clinical studies (12–14). Moreover, MB may
also have beneficial effects on cognitive performance in AD
patients (8). In this regard, promising results from a phase II
clinical trial of MB (methylthioninium chloride, RemberTM) for
mild-to-moderate AD patients showed significantly improved
cognitive function after 6 months of treatment compared with
placebo control, and this led to stabilized AD progression over
the course of a year (15, 16). This finding triggered a wave of
comments, indicating that MB may be useful as an AD thera-
peutic agent. Despite these reports, its target(s) and mecha-
nism(s) of action in the context of AD remain to be elucidated.
This knowledge gap prompted us to evaluate whether MB
might improve AD-like pathology in a transgenic mouse model
of cerebral amyloidosis.

To test this, we orally administered the compound to an
accelerated mouse model of cerebral amyloidosis (bearing APP
“Swedish” APPK595N/M596L (APPswe) and presenilin 1 (PS1)
exon 9-deleted mutant human transgenes; designated PSAPP
mice) (17, 18) for 3 months, commencing at 15 months of age,
and examined behavioral impairment, AD-like pathology, and
APP processing at 18 months of age. Parallel analyses were per-

formed in vitro utilizing Chinese hamster ovary cells stably
expressing human wild-type APP (CHO/APPWT cells) (19).

EXPERIMENTAL PROCEDURES

Ethics Statement—All experiments were performed in
accordance with the guidelines of the National Institutes of
Health, and all animal studies were approved by the Saitama
Medical University Institutional Animal Care and Use Com-
mittee. Animals were humanely cared for during all experi-
ments, and all efforts were made to minimize animal suffering.
Animals were anesthetized with sodium pentobarbital (50
mg/kg) and euthanized by transcardial perfusion with ice-cold
physiological saline containing heparin (10 units/ml).

Mice—Male B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmjax
mice (bearing APPswe and PS1 exon 9-deleted mutant human
transgenes) on the congenic C57BL/6J background (designated
PSAPP mice) were obtained from the Jackson Laboratory (Bar
Harbor, ME) and were bred with female C57BL/6J mice to yield
PSAPP and WT offspring. PSAPP mice overproduce human
A�1– 40 and A�1– 42 peptides and develop progressive cerebral
�-amyloid deposits as well as learning and memory impairment
(17, 18, 20 –23). All mice were characterized by PCR genotyping
for mutant human APP and PS1 transgenes as described else-
where (21). We strictly used PSAPP and WT littermates
obtained from this breeding strategy for all analyses. Thus, all
mice used in this study are genetically comparable.

MB was obtained from Merck Millipore, resuspended in dis-
tilled water, and orally administered to 12 PSAPP mice
(PSAPP-MB mice; six males and six females). As a vehicle con-
trol, 12 additional PSAPP mice received distilled water vehicle
(PSAPP-V mice; six males and six females). Moreover, 24 WT
littermates received MB (WT-MB mice; six males and six
females) or distilled water (WT-V mice, six males and six
females). In parallel, to examine whether MB treatment pre-
vented versus reversed kinetics of cerebral amyloid accumula-
tion, eight untreated PSAPP mice at 15 months of age (PSAPP-
15M, four males and four females) were included for analysis of
�-amyloid pathology. Baseline cognitive status was determined
in untreated PSAPP versus WT mice at 15 months of age just
prior to dosing. Subsequently, beginning at 15 months of age,
animals were gavaged with MB (3 mg/kg) or vehicle once daily
for 3 months. Mice were housed in a specific pathogen-free
barrier facility under a 12:12-h light/dark cycle with ad libitum
access to food and water.

Behavioral Analyses—Exploratory activity was evaluated by
individually placing mice into a novel environment (the left
corner of a white polyethylene chamber: 54 � 39 � 20 cm)
(24 –26). Their activity was recorded for 20 min by an overhead
video camera (BL-C131, Panasonic, Fukuoka, Japan) connected
to a Windows PC, and horizontal locomotion and rearing
scores were counted for each 2-min time bin.

Novel object recognition and memory retention were also
assessed (27). Briefly, each mouse was habituated in a cage for
4 h, and then two objects of different shapes were concurrently
provided to the mouse for 10 min. The number of times that the
mouse explored the familiar object (defined as number of
instances where a mouse directed its nose 2 cm or less distance
from the object) that was later replaced by a novel object was
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counted for the initial 5 min of exposure (training phase). To
test memory retention on the following day, one of the familiar
objects was replaced with a different shaped novel object and
then explorations of the novel object were counted for 5 min
(retention test). The recognition index, taken as an index of
episodic memory, is reported as frequency (%) of explorations
of the novel versus familiar objects.

Subsequently, Y-maze total arm entry and spontaneous
alternation were assessed to measure exploratory activity and
spatial working memory (20, 26). Briefly, mice were individually
placed in one arm of a radially symmetric Y-maze made of
opaque gray acrylic (arms: 40 cm long and 4 cm wide; walls, 30
cm tall), and the sequence of arm entries and total number of
entries were recorded over a period of 8 min, beginning when
the animal first entered the central area. Percent alternation
was defined as entries into sequentially different arms on con-
secutive occasions using the following formula: % alternation �
number of alternations/(number of total arm entries � 2) �
100%.

Finally, the radial arm water maze (RAWM) test was per-
formed to assess spatial reference learning and memory (28).
This test optimizes sample size requirements when compared
with other typical rodent memory tasks (20). Briefly, the
RAWM test was conducted over 2 days and consisted of trian-
gular wedges in a circular pool (80 cm diameter) configured to
form swim lanes that enclose a central open space. A circular
pool was filled with water maintained at 23–26 °C. According to
this design, the maze can be organized to independently detect
errors in working and reference memory. After a minimum of
20 min of habituation to the room, mice naïve to the test were
placed in the pool and allowed to search for the platform for
60 s. Subsequently, the mouse was dropped into a random start
arm (predetermined on a score sheet) and allowed to swim until
it located and climbed onto the platform (goal) over a period of
60 s. Errors accrued when the mouse failed to enter an arm for
15 s. If the mouse was unable to find the platform after 60 s, it
was guided to the platform. Times (latency) to locate the plat-
form and error numbers were recorded. Once the platform was
found, either by self-discovery or by guidance, the mouse was
allowed to rest there for 15 s. Subsequently, the mouse was then
removed, towel-dried, and replaced in a cage with a heat lamp
slightly overhead for a 30-min rest period. Another mouse was
selected, and the process was repeated until all mice were
tested. Each mouse was given a total of 15 trials. On day 1, the
goal alternated between being visible and hidden as the trials
proceeded for each mouse; although on day 2, the goal was
always hidden. All data were organized as individual blocks of 3
trials each for further analyses. The goal arms remained in the
same location for both days, whereas the start arm was ran-
domly altered, with the position recorded on score sheets. All
behavioral tests were performed in a room (6 m � 4.5 m) with
indirect lighting and multiple visible cues on the walls. The
examiner determined the time of swimming until the mouse
reached the platform (latency) using a stopwatch. In addition,
trials were recorded using an overhead video camera and were
analyzed using customized macro software in Microsoft Excel.
All trials were performed at the same time of day (�1 h), during
the animals’ light phase. To avoid interference with behavioral

testing, MB or vehicle treatment was carried out 1 h after con-
cluding behavioral testing.

Tissue Preparation—At 18 months of age, animals were anes-
thetized with sodium pentobarbital (50 mg/kg) and euthanized
by transcardial perfusion with ice-cold physiological saline con-
taining heparin (10 units/ml). Brains were isolated and quar-
tered (sagitally at the level of the longitudinal fissure of the
cerebrum and then coronally at the level of the anterior com-
missure) using a mouse brain slicer (Muromachi Kikai, Tokyo,
Japan). Right anterior cerebral quarters were weighed and
snap-frozen at �80 °C for Western blot analyses. Right poste-
rior cerebral quarters were weighed and snap-frozen at �80 °C.
These cerebral quarters were sequentially extracted in the fol-
lowing: 1) tris-buffered saline (TBS) (25 mM Tris-HCl, pH 7.4,
150 mM NaCl); 2) 2% SDS; and 3) 5 M guanidine-HCl for sand-
wich enzyme-linked immunosorbent assays (ELISAs). Left
anterior cerebral quarters were weighed and immersed in RNA
stabilization solution (RNAlater�, Applied Biosystems, Foster
City, CA) and then snap-frozen at �80 °C for quantitative real
time-PCR (QRT-PCR) analyses. Left posterior cerebral quar-
ters were immersion-fixed in 4% paraformaldehyde in 0.1 M

phosphate buffer at 4 °C overnight and routinely processed in
paraffin for immunohistochemical analyses.

Immunohistochemistry—For paraffin blocks, we sectioned
five coronal sections (per set) with a 100-�m interval and a
thickness of 5-�m for each brain region (for retrosplenial cor-
tex (RSC), entorhinal cortex (EC), and hippocampus (H),
bregma �2.92 to �3.64 mm) (29). One set of five sections was
prepared for each brain region for analyses of A� deposits/�-
amyloid plaques (for burden and plaque morphometry analy-
ses). Immunohistochemical staining was conducted according
to the manufacturer’s protocol using a Vectastain ABC Elite
kit (Vector Laboratories, Burlingame, CA) coupled with the
diaminobenzidine reaction, except that the biotinylated sec-
ondary antibody step was omitted for A� immunohistochemi-
cal staining. A biotinylated human A�17–24 monoclonal anti-
body (4G8; 1:200, Covance Research Products, Emeryville, CA)
was used as a primary antibody. Using additional sets of five
sections, normal mouse serum (isotype control) or 0.1 M phos-
phate-buffered saline (PBS, pH 7.4) was used instead of primary
or ABC reagent as a negative control.

Image Analysis—Images were acquired as digitized tagged-
image format files (to retain maximum resolution) using a
BX60 microscope with an attached CCD camera system (DP-
70, Olympus, Tokyo, Japan), and digital images were routed
into a Windows PC for quantitative analyses using SimplePCI
software (Hamamatsu Photonics, Hamamatsu, Shizuoka,
Japan). We captured images of five 5-�m sections through each
anatomic region of interest (RSC, EC, and H) based on ana-
tomic criteria defined by Franklin and Paxinos (29), and we
obtained a threshold optical density that discriminated staining
from background. Each anatomic region of interest was manu-
ally edited to eliminate artifacts. Selection bias was controlled
for by analyzing each region of interest in its entirety. For A�
burden analysis, data are reported as the percentage of labeled
area captured (positive pixels) divided by the full area captured
(total pixels).
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For �-amyloid plaque morphometric analyses, diameters
(based on maximum length) of �-amyloid plaques were mea-
sured, and numbers of �-amyloid plaques falling into three
mutually exclusive categories (�25, 25–50, or �50 �m) were
blindly tabulated. Results are presented as mean plaque number
per mouse for each brain region surveyed. For cerebral amyloid
angiopathy (CAA) morphometric analysis, we blindly counted
numbers of A� antibody-positive cerebral vessels in each ana-
tomic region of interest. Those data are represented as mean
CAA deposit numbers per mouse.

Cell Culture—CHO/APPWT cells were kindly provided by
Drs. Stefanie Hahn and Sascha Weggen (University of Heinrich
Heine, Düsseldorf, Germany), and cell culture was performed
in accordance with previously described methods (19). Briefly,
CHO/APPWT cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 1 mM

sodium pyruvate, and 100 units/ml penicillin and streptomycin.
CHO/APPWT cells were seeded in 24-well tissue culture plates
at 2 � 105 cells per well for 24 h before treatment. Cultured cells
were treated with MB (1.56, 3.13, 6.25, 12.5, or 25 �M) or 0.1 M

PBS (pH 7.4; control) for 6 h in the same media prior to analysis.
Cell-free �-Site APP-cleaving Enzyme 1 (BACE1) Activity

Assay—To directly test the effect of MB on BACE1 activity, we
used available kits based on secretase-specific peptides conju-
gated to DABCYL/EDANS fluorogenic reporter molecules
(Cayman Chemical, Ann Arbor, MI) in accordance with the
manufacturer’s instructions. Briefly, appropriate amounts of
1� assay buffer, BACE1 enzyme, and various concentrations of
MB (1.56, 3.13, 6.25, 12.5, or 25 �M) were added to a 96-well
plate. Subsequently, the reactions were initiated by adding 2.5
�l of fluorogenic substrate to all wells being used. The plate was
carefully shaken for 10 s to mix, covered with a plate cover, and
incubated for 40 min at room temperature prior to reading
fluorescence values. Following incubation, fluorescence (335–
345 nm excitation and 485–510 nm emission) was read at 25 °C
using an SH-9000 microplate fluorimeter with SF6 software
(CORONA ELECTRIC, Hitachinaka, Ibaraki, Japan). Back-
ground was determined from negative controls (omission of
BACE1 enzyme and fluorogenic substrate). All data are shown
as % of BACE1 activity with all relative fluorescence units
divided by 100% BACE1 activity data (fluorescent emission of
the substrate incubated with BACE1 enzyme alone).

ELISA—We separately quantified A�1– 40 and A�1– 42 in
brain homogenates and cultured CHO/APPWT cell superna-
tants by sandwich ELISAs. Brain A�1– 40 and A�1– 42 species
were detected by a three-step extraction protocol (30, 31).
Briefly, brains were homogenized using TissueLyser LT (Qia-
gen, Valencia, CA; two times for 1 min at 50 Hz) in TBS solution
containing protease inhibitor mixture (Sigma) and centrifuged
at 18,800 � g for 60 min at 4 °C, and supernatants were removed
(representing the TBS-soluble fraction). Resulting pellets were
treated with 2% SDS in H2O with the same protease inhibitors
and homogenized using TissueLyser LT (once for 1 min at 50
Hz). We then centrifuged the homogenates at 18,800 � g for 60
min at 4 °C and collected supernatants (comprising the 2%
SDS-soluble fraction). Finally, the remaining pellets were
treated with 5 M guanidine HCl and dissolved by occasional
mixing on ice for 30 min and centrifuged at 18,800 � g for 60

min at 4 °C, and supernatants were then collected (representing
the guanidine HCl-soluble fraction).

A�1– 40 and A�1– 42 species were separately quantified in
individual samples in duplicate using ELISA kits (catalog num-
ber 27718 for A�1– 40 and number 27712 for A�1– 42; IBL,
Fujioka, Gunma, Japan) in accordance with the manufacturer’s
instructions (32). We also quantified A� oligomers in the 2%
SDS-soluble fraction in duplicate individual samples by A�
oligomer ELISA (catalog number 27725; IBL) according to the
manufacturer’s instructions (33). All samples fell within the lin-
ear range of the standard curve. For brain homogenates, A�1– 40
and A�1– 42 ELISA values were reported as picomolar or nano-
molar, and A� oligomer concentration was reported as pico-
molar. For cultured CHO/APPWT cell supernatants, A�1– 40
and A�1– 42 ELISA values were reported as picograms/ml.

Western Blot—Cultured CHO/APPWT cells were treated
with various doses of MB (1.56, 3.13, 6.25, 12.5, or 25 �M) or
0.1 M PBS (pH 7.4; control) for 12 h, and lysed in ice-cold lysis
buffer (containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyro-
phosphate, 1 mM �-glycerophosphate, 1 mM Na3VO4, 1 �g/ml
leupeptin, and 1 mM PMSF). Mouse brain homogenates were
lysed in TBS solution containing protease inhibitor mixture
(Sigma) followed by TNE buffer (10 mM Tris-HCl, 1% Nonidet
P-40, 1 mM EDTA, and 150 mM NaCl), and aliquots corre-
sponding to 10 �g of total protein were electrophoretically sep-
arated using 10 or 15% Tris glycine gels based on target protein
molecular weights. Electrophoresed proteins were transferred
to polyvinylidene difluoride membranes (Bio-Rad) that were
blocked in blocking buffer (1% (w/v) nonfat dry milk in TBS
containing 0.1% (v/v) Tween 20) for 1 h at ambient tempera-
ture. Membranes were then hybridized for 1 h at ambient tem-
perature with primary antibodies as follows: a carboxyl-termi-
nal APP polyclonal antibody (1:400, IBL); a carboxyl-terminal
PS1 monoclonal antibody (PS1-loop; 1:500, Merck Millipore); a
carboxyl-terminal BACE1 polyclonal antibody (1:400, IBL);
a carboxyl-terminal BACE monoclonal antibody (61-3E7,
1:1,000, Merck Millipore); an amino-terminal A�1–16 mono-
clonal antibody (82E1; 1:150, IBL), an amino-terminal A�1–17
monoclonal antibody (6E10; 1:1,000, Merck Millipore); a nica-
strin polyclonal antibody (corresponds to amino acid residues
688 –708 from human nicastrin) (1:1000, Thermo Fisher Scien-
tific, Waltham, MA); an amino-terminal presenilin enhancer 2
(PEN-2) polyclonal antibody (1:250, Thermo Fisher Scientific);
an actin polyclonal antibody (1:500, Santa Cruz Biotechnology,
Santa Cruz, CA) as a loading control, or a �-actin monoclonal
antibody (AC-74, 1:4,000, Sigma) as a loading control. Mem-
branes were then rinsed three times for 30 min each in TBS
containing 0.1% (v/v) Tween 20 and incubated for 1 h at ambi-
ent temperature with appropriate horseradish peroxidase-con-
jugated secondary antibodies. After additional rinsing as above,
membranes were incubated for 5 min at ambient temperature
with enhanced chemiluminescence substrate (SuperSignal
West Femto Extended Duration Substrate, Thermo Fisher Sci-
entific), exposed to film, and developed.

QRT-PCR—We quantified BACE1 and �-actin mRNA levels
by QRT-PCR analysis. Total RNA was extracted using an
RNeasy mini kit (Qiagen), and first strand cDNA synthesis was
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carried out using the QuantiTect reverse transcription kit (Qia-
gen) in accordance with the manufacturer’s instructions. We
diluted cDNA 1:1 in H2O and carried out QRT-PCR for all
genes of interest using cDNA-specific TaqMan primer/probe
sets (TaqMan Gene Expression Assays, Applied Biosystems) on
an ABI 7500 fast real time PCR instrument (Applied Biosys-
tems). Each 20-�l reaction mixture contained 2 �l of cDNA
with 1 �l of TaqMan gene expression assay reagent, 10 �l of
TaqMan Fast Universal PCR master mix (Applied Biosystems),
and 7 �l of H2O. Thermocycler conditions consisted of the
following: 95 °C for 15 s, followed by 40 cycles of 95 °C for 1 s
and 60 °C for 20 s. TaqMan probe/primer sets were as follows:
mouse BACE1 (number Mm00478664_m1) and mouse �-actin
(number Mm00607939_s1; used as an internal reference con-
trol) (Applied Biosystems). Samples that were not subjected to
reverse transcription were run in parallel as negative controls to
rule out genomic DNA contamination, and a no template con-
trol was also included for each primer set (data not shown). The
cycle threshold number (CT) method (34) was used to deter-
mine relative amounts of initial target cDNA in each sample.
Results are expressed relative to vehicle-treated WT mice.

Statistical Analysis—All experiments were performed by an
examiner blinded to sample or subject identities, and the code
was not broken until the analyses were completed. Data are
presented as the mean � 1 S.E. A hierarchical analysis strategy
was used for time-dependent behavioral data in which the first
step was a repeated-measures analysis of variance (ANOVA) to
assess the significance of the main effects and interactive terms.
If significant, post hoc testing was done with Tukey’s HSD or
Dunnett’s T3 methods, and appropriate p values were reported
based on adjustment according to Levene’s test for equality of
the variance. For all other data, in instances of single mean
comparisons, Levene’s test followed by t test for independent
samples was performed. In instances of multiple mean compar-
isons, one-way ANOVA was used, followed by post hoc com-
parison of the means using Bonferroni’s or Dunnett’s T3 meth-
ods (where appropriateness was determined by Levene’s test for
equality of the variance). A p value of less than 0.05 was consid-
ered to be significant. All analyses were performed using the
Statistical Package for the Social Sciences (SPSS), release 19.0
(IBM, Armonk, NY).

RESULTS

Methylene Blue Treatment Reverses Behavioral Benefits in
Aged PSAPP Mice—We started by orally administering MB or
vehicle to PSAPP or WT mice at 15 months of age, for a period
of 3 months. Baseline cognitive status was determined in
untreated PSAPP versus WT mice at 15 months of age just prior
to dosing, and PSAPP mice disclosed cognitive impairment in a
comprehensive testing battery. Behavioral evaluation was also
made at the conclusion of treatment (18 months of age).

When placed into a novel environment, PSAPP-V mice
showed hyperactivity as measured by higher locomotion and
rearing scores compared with the other three groups of animals
(Fig. 1A). This behavioral phenotype has been reported in cer-
ebral amyloidosis mouse models (e.g. Tg2576 or PSAPP mice)
(20, 22, 23, 26, 35), and it may reflect disinhibition because of
cortical and/or hippocampal damage (25). Overall ANOVA dis-

closed the main effects of genotype (p � 0.001 for both locomotion
and rearing scores) and treatment (p � 0.001 for both locomotion
and rearing scores), and repeated-measures ANOVA followed by
post hoc comparison revealed statistically significant differ-
ences between PSAPP-V mice and the other three groups of
mice for both locomotion and rearing scores (Fig. 1A, **, p �
0.01 for PSAPP-V versus PSAPP-MB, WT-V, or WT-MB mice).
The hyperactivity phenotype was completely reversed in
PSAPP-MB mice, as they did not statistically differ from WT-V
or WT-MB animals (p � 0.05).

We then tested learning and memory by novel object recog-
nition test in the same cohort of mice. If mice remember an
initial encounter with a novel object, they tend to preferentially
explore the new versus familiar object, typically operationalized
as “recognition index” (27). All four groups showed similar rec-
ognition index (51.0 –52.4%) during the training phase of the
test, whereas in the retention phase, one-way ANOVA followed
by post hoc comparison revealed statistically significant differ-
ences on recognition index between PSAPP-V mice and the
other three mouse groups (Fig. 1B, *, p � 0.05 for PSAPP-V
versus PSAPP-MB, WT-V, or WT-MB mice). Of note,
PSAPP-MB mice had significantly increased novel object
exploration frequency by 74.3% versus PSAPP-V animals
(54.1%) (Fig. 1B), but did not significantly differ from WT-V
(65.6%) or WT-MB (66.0%) animals (p � 0.05), demonstrating
complete improvement of novel object recognition impairment
in PSAPP mice related with APP mutant transgene expression
by MB treatment.

Exploratory activity and spatial working memory were fur-
ther examined by Y-maze total arm entry and spontaneous
alternation tests. One-way ANOVA followed by post hoc com-
parison disclosed statistically significant differences on Y-maze
total arm entries between PSAPP-V mice and the other three
mouse groups (Fig. 1C, PSAPP-V (27.6), PSAPP-MB (21.5),
WT-V (19.4), or WT-MB (19.7) mice, as shown in parentheses
by the number of arms entered; *, p � 0.05 for PSAPP-V versus
PSAPP-MB, WT-V, or WT-MB mice). Increased exploratory
activity phenotype was totally alleviated in PSAPP-MB mice, as
they did not statistically differ from WT-V or WT-MB animals
(p � 0.05).

Mice tend to spontaneously alternate arm entries in the
Y-maze, such that they will visit the three arms in sequence
more frequently than would occur by chance (50%, see dashed
line in Fig. 1C); this is generally interpreted as a measure of
spatial working memory. One-way ANOVA followed by post
hoc testing disclosed statistically significant differences on
Y-maze spontaneous alternation between PSAPP-V mice and
the other three mouse groups (Fig. 1C, PSAPP-V (46.5%),
PSAPP-MB (58.9%), WT-V (63.3%), or WT-MB (61.1%) mice,
as shown in parentheses by alternation (%); *, p � 0.05 for
PSAPP-V versus PSAPP-MB, WT-V, or WT-MB mice). Impor-
tantly, PSAPP-V mice showed less tendency to alternate,
whereas PSAPP-MB animals had significantly increased alter-
nation behavior (Fig. 1C) but did not significantly differ from
WT-V or WT-MB groups (p � 0.05), revealing that 3-month
oral MB treatment completely improved defective spatial
working memory in PSAPP mice.
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The same cohort of animals was further evaluated in the
RAWM test, an assay of hippocampus-dependent spatial refer-
ence learning and memory in rodents (20, 28). On day 1, overall
ANOVA disclosed the main effects of block (p � 0.001 for both
errors and escape latency) and genotype (p � 0.05 for both
errors and escape latency). Repeated-measures ANOVA fol-
lowed by post hoc comparison did not reveal statistically signif-
icant differences between PSAPP-V mice and the other three
mouse groups, although PSAPP-V mice showed a tendency to
increase errors and a longer escape latency to reach the visible
or hidden platform location than the other three groups of ani-

mals. By contrast, for day 2, overall ANOVA disclosed the main
effects of block (p � 0.01 for errors and p � 0.001 for escape
latency), treatment (p � 0.001 for errors and p � 0.05 for escape
latency), and genotype (p � 0.001 for errors and p � 0.001 for
escape latency), and repeated-measures ANOVA followed by
post hoc comparison showed statistically significant differ-
ences between PSAPP-V mice and the other three mouse
groups (Fig. 1D, **, p � 0.01 for errors, *, p � 0.05 for escape
latency; as compared PSAPP-V with PSAPP-MB, WT-V, or
WT-MB mice). PSAPP-V mice had increased errors and longer
latencies to reach the hidden platform location than the other

FIGURE 1. Oral methylene blue treatment completely reverses behavioral impairment in PSAPP mice. Data were obtained from PSAPP mice treated with
vehicle (PSAPP-V, n � 12) or with MB (PSAPP-MB, n � 12) and also wild-type mice treated with vehicle (WT-V, n � 12) or with MB (WT-MB, n � 12) for 3 months
beginning at 15 months of age and subjected to behavioral testing at 18 months of age. A, locomotion (upper panel) and rearing (lower panel) scores obtained
from open field activity testing are shown. B, recognition index (%) in the object recognition test is shown from training (upper panel) and retention test phases
(lower panel). C, Y-maze test data are represented as total arm entries (upper panel) and spontaneous alternation (lower panel). D, 2-day radial arm water maze
test data are shown with five blocks per day for errors (upper panel) and escape latency (lower panel). All statistical comparisons were performed among
PSAPP-V, PSAPP-MB, WT-V, and WT-MB mice (*, p � 0.05; **, p � 0.01 for PSAPP-V versus PSAPP-MB, WT-V, and WT-MB mice).
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three mouse groups, whereas PSAPP-MB mice showed signifi-
cantly less errors and shorter latencies, and their behavior did
not significantly differ from WT-V or WT-MB mice, demon-
strating that 3-month MB treatment completely remediated
mutant APP transgene-associated spatial reference learning
and memory impairment.

We ruled out the possibility that behavioral differences in the
RAWM test were due to motivational issues or to locomotor
impairment, as there were no significant between-group differ-
ences (p � 0.05) on swim speed during 2 days of the test. More-
over, the degree of thigmotaxis could indicate anxiety and
impact interpretation of results in the RAWM test. In this
regard, however, we did not observe thigmotaxis, operational-
ized as prolonged movement of the mice along the pool circum-
ference, in any animals examined during 2 days of the test.
Finally, for all of the behavioral tests conducted, we used mul-
tiple ANOVA models with gender as a categorical covariate,
but we did not detect significant gender main effects or inter-
active terms (p � 0.05). We also stratified by gender and found
a similar pattern of results as above in both males and females
(data not shown).

Methylene Blue Treatment Attenuates Alzheimer-like Pathology
in Aged PSAPP Mice—To determine whether oral MB treat-
ment altered A�/�-amyloid pathology in aged PSAPP mice, we
performed the following: 1) conventional �-amyloid “burden”
analysis using a monoclonal antibody against A�17–24 (4G8); 2)
�-amyloid plaque morphometric analysis; and 3) separate
A�1– 40 and A�1– 42 ELISAs. Aged PSAPP mice had typical cer-
ebral �-amyloid deposits (17, 18, 22, 23). In fact, PSAPP-V
mouse brains had 7.1– 8.6% of cerebral �-amyloid burden at 18
months of age that distributed diffusely throughout RSC, EC,
and H regions and was markedly and significantly reduced by
3.1–5.8% in all three PSAPP-MB brain regions, with greatest
reduction in the EC (Figs. 2 and 3A, ***, p � 0.001, % reduction
for RSC, 30.1%; EC, 56.3%; H, 36.1%). It is noteworthy that
PSAPP mice at 15 months of age (when dosing started) had
6.2–7.5% cerebral �-amyloid burden (Figs. 2 and 3A). Thus, a
3-month treatment with MB actually reversed cerebral amyloid
deposition when compared with untreated baseline (15 months
of age) (Figs. 2 and 3A), an effect that was independent of gen-
der (data not shown).

To examine whether reduced A� burden was specific to a
particular plaque size subset or occurred more generally, mor-
phometric analysis of �-amyloid deposits was done in both MB-
and vehicle-treated PSAPP mice. According to previously
described methods (22, 23, 26, 36, 37), �-amyloid deposits were
assigned to one of three mutually exclusive categories accord-
ing to maximum diameter as follows: small (� 25 �m), medium
(between 25 and 50 �m), or large (� 50 �m). Mean numbers of
deposits in all three subsets showed statistically significant
decreases in PSAPP-MB versus PSAPP-V mice across all three
brain regions examined, with the greatest reduction in the large
sized subset, especially in the EC (Figs. 2 and 3B, **, p � 0.01; ***,
p � 0.001, % reduction for EC, 41.5– 64.6% (small, 17.7– 45.8%;
medium, 28.1– 41.5%; and large, 46.0 – 64.6%); RSC, 17.7–
46.0%; H, 25.5– 47.5%). Stratification by gender revealed the
same pattern of results in both males and females (data not
shown).

It is now established that 83% of AD brains suffer from cere-
bral vascular �-amyloid deposits (CAA) (38), and PSAPP mice
also develop vascular �-amyloid deposits with age (17, 18, 22,
23). In PSAPP-V mice, cerebral vascular �-amyloid deposits
were frequently observed in walls of penetrating arteries at the
pial surface in the RSC and EC regions and in walls of small
arteries at the hippocampal fissure and brachium of the supe-
rior colliculus in the H region. We blindly scored A�17–24
monoclonal antibody (4G8)-stained cerebral vascular deposits
in RSC, EC, and H regions of PSAPP-V and PSAPP-MB mice
and found significant reductions in PSAPP-MB mouse brains in
all three brain regions examined (Fig. 3C, **, p � 0.01; ***, p �
0.001).

Biochemical analysis of A� species in brain homogenates
corroborated that PSAPP-MB mice had statistically significant
reductions in both A�1– 40 and A�1– 42 levels in the detergent-
soluble fraction (Fig. 3D, 26.1 and 22.2%, respectively; *, p �
0.05), whereas only A�1– 42 abundance was statistically signifi-
cantly reduced in the TBS-soluble fraction (Fig. 3D, 49.8%; **,
p � 0.01). Moreover, the guanidine HCl-soluble fraction, which
most closely reflects A� deposits detected by immunohisto-
chemistry, revealed statistically significant reductions in
PSAPP-MB mice for both A�1– 40 and A�1– 42 (Fig. 3D, 23.0 and
58.1%, respectively; *, p � 0.05; ***, p � 0.001).

FIGURE 2. Amelioration of cerebral parenchymal �-amyloid deposits in PSAPP mice treated with methylene blue. Representative photomicrographs
were obtained from PSAPP mice treated with vehicle (PSAPP-V) or with MB (PSAPP-MB) for 3 months starting at 15 months of age (mouse age at sacrifice � 18
months) as well as 15-month-old PSAPP mice (PSAPP-15M). Immunohistochemistry using an anti-A�17–24 monoclonal antibody (4G8) is depicted, demonstrat-
ing cerebral �-amyloid deposits in PSAPP-V, PSAPP-MB, and PSAPP-15M mice. Brain regions shown include the following: RSC (top), H (middle), and EC (bottom).
In images from PSAPP-V and PSAPP-MB mice as well as PSAPP-15M mice, each right-hand panel is a higher magnification image from left panel insets. Scale bars,
200 �m (gray) and 100 �m (black).
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Modulation of �-Secretase in PSAPP Mouse Brains after
Methylene Blue Treatment—We reasoned that reversal of cer-
ebral amyloidosis in PSAPP-MB mice could be due to the fol-
lowing: 1) increased brain-to-blood A� efflux (39); 2) damp-
ened APP or PS1 transgene expression; or 3) inhibition of
amyloidogenic APP processing. We started by analyzing

peripheral blood samples from PSAPP-V and PSAPP-MB mice
at 18 months of age for plasma A�1– 40 and A�1– 42 species, but
we did not detect between-group differences (data not shown).
To clarify the possibility that delayed progression of cerebral
amyloidosis in MB-treated PSAPP mice was caused by
decreased expression of transgene-derived APP or PS1, brain

FIGURE 3. Cerebral parenchymal and vascular �-amyloid deposits and A� levels are reduced in methylene blue-treated PSAPP mice. Data were
obtained from PSAPP mice treated with vehicle (PSAPP-V, n � 12) or with MB (PSAPP-MB, n � 12) for 3 months commencing at 15 months of age (mouse age
at sacrifice � 18 months) for A–D as well as 15-month-old PSAPP mice (PSAPP-15M), n � 8 for A. A, quantitative image analysis for A� burden using an
anti-A�17–24 monoclonal antibody (4G8) is shown, and each brain region is indicated on the x axis (RSC, H, and EC). B, morphometric analysis of cerebral
parenchymal �-amyloid deposits is shown in PSAPP-V and PSAPP-MB mice. Coronal brain sections were stained with 4G8 antibody, and deposits were blindly
counted based on maximum diameter and assigned to one of three mutually exclusive categories as follows: small (�25 �m; top), medium (between 25 and
50 �m; middle), or large (�50 �m; bottom). Mean plaque subset number per mouse is shown on the y axis, and each brain region is represented on the x axis.
C, severity of cerebral amyloid angiopathy (mean CAA deposit number per mouse) is shown on the y axis with brain region indicated on the x axis. D,
TBS-soluble, 2% SDS-soluble, and 5 M guanidine HCl-extractable fractions from three-step extracted brain homogenates were separately measured by sand-
wich ELISA for human A�1– 40 and A�1– 42. Statistical comparisons for A–D are within each brain region and/or A� species, and between PSAPP-V and PSAPP-MB
mice (*, p � 0.05; **, p � 0.01; ***, p � 0.001).
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homogenates from PSAPP-V and PSAPP-MB mice were
probed with an amino-terminal APP polyclonal or a carboxyl-
terminal PS1 monoclonal antibody. Densitometry showed
comparable band intensities for APP and PS1 holoproteins,
showing that MB treatment did not affect APP or PS1 expres-
sion (Fig. 4A).

We moved on to test the possibility that MB modulated amy-
loidogenic APP metabolism. Thus, we probed brain homoge-
nates from PSAPP-V and PSAPP-MB mice with an amino-ter-
minal A�1–16 monoclonal antibody (82E1) that reacts with
amyloidogenic �-carboxyl-terminal fragment (�-CTF, C99)
and phospho-�-CTF (P-C99) as well as monomeric and oligo-
meric A� species. Densitometry confirmed that APP metabo-
lism to C99 and P-C99 was significantly deceased in
PSAPP-MB mice (Fig. 4, A and B, *, p � 0.05). In parallel, we
noted decreased abundance of A� species between 25 and 75
kDa (presumed A� oligomers), and the 4-kDa monomeric A�

band was also attenuated in PSAPP-MB brains (Fig. 4A).
Reduced expression of A� oligomers was also observed by
sandwich ELISA in PSAPP-MB versus PSAPP-V brains (Fig. 4C,
*, p � 0.05).

Given the above evidence, we hypothesized that MB could
directly or indirectly target �-secretase cleavage of APP.
BACE1 (�-secretase) is a type I transmembrane aspartyl prote-
ase primarily responsible for proteolysis of APP to produce sol-
uble APP-� (sAPP-�) and amyloidogenic �-CTF (C99). C99 is
then cleaved by the �-secretase complex, releasing A� species
of various lengths (40 – 44). To examine whether 3-month MB
treatment could modulate �-secretase, we probed brain homo-
genates from PSAPP-V and PSAPP-MB mice with a carboxyl-
terminal BACE1 polyclonal antibody and found reduced
BACE1 expression in PSAPP-MB mouse brain homogenates
(Fig. 4A). Moreover, densitometry confirmed significantly
decreased BACE1 protein expression (Fig. 4D, *, p � 0.05). To

FIGURE 4. Methylene blue modulates amyloidogenic amyloid precursor protein processing via inhibition of �-site APP-cleaving enzyme 1 in PSAPP
mice. A, Western blots are shown using an amino-terminal APP polyclonal antibody (pAb N-APP; holo-APP is shown) or a carboxyl-terminal BACE1 polyclonal
antibody (pAb BACE1). An amino-terminal amyloid-�1–17 (A�) monoclonal antibody (mAb 82E1), which detects various amyloidogenic APP cleavage fragments,
including A� monomer and oligomers as well as phospho-C99 (P-C99) and nonphospho-C99 (C99), is also shown. Actin is included as a loading control for each
blot, and densitometry data are represented as ratios of actin below each lane. B, densitometry analyses are shown for ratios of C-99 or P-C99 to actin. C, in the
2% SDS-soluble brain homogenate fraction, A� oligomers were measured by sandwich ELISA. D, densitometry analysis is shown for the ratio of BACE1 to actin.
Representative Western blots for A were obtained from PSAPP mice treated with vehicle (PSAPP-V, n � 3) or with MB (PSAPP-MB, n � 3). Data for B–D were
obtained from PSAPP mice treated with vehicle (PSAPP-V, n � 12) or with MB (PSAPP-MB, n � 12) for 3 months beginning at 15 months of age. All statistical
comparisons are between PSAPP-V and PSAPP-MB mice (*, p � 0.05).
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further verify whether MB altered BACE1 expression at the
transcriptional level, relative expression levels of BACE1
mRNA were assayed in mouse brain homogenates by QRT-
PCR, but no significant between-group differences were found
(expressed as mean relative fold over WT-V mice � 1 S.E.;
PSAPP-V mice, 0.90 � 0.05; PSAPP-MB mice, 0.92 � 0.06;
WT-MB mice, 0.99 � 0.06). When taken together, these data
suggest that MB operates at the protein level to destabilize
BACE1.

Amyloidogenic APP Metabolism Is Attenuated in CHO/
APPWT Cells after Methylene Blue Treatment—Mitigated cere-
bral amyloidosis and reduced amyloidogenic APP metabolism
in PSAPP-MB mice could be due to direct or indirect modes of
MB action. To determine whether MB could directly modulate
APP metabolism, CHO/APPWT cells were treated with a dose
range of MB. CHO/APPWT cells stably express human wild-
type APP (19). A key advantage of using an APPWT cell line is
that the vast majority of AD patients do not harbor APP/PS1/
PS2 mutations. Strikingly, separate sandwich ELISAs showed
that MB inhibited both A�1– 40 and A�1– 42 release into the
CHO/APPWT cell culture media (Fig. 5A). Significant reduc-
tion for both A� species was evident even at the lowest dose
(1.56 �M) of MB (*, p � 0.05; **, p � 0.01; ***, p � 0.001 for each
dose versus PBS control) (Fig. 5A).

To determine whether these effects were due to reduced
amyloidogenic APP metabolism, Western blots were per-
formed with an amino-terminal A�1–17 monoclonal antibody
(6E10) that detects amyloidogenic C99 as well as A� oligomers
(25–75 kDa) (Fig. 5B). Qualitatively, results showed less abun-
dance of C99 with increasing doses of MB, whereas holo-APP
expression remained unaltered, even at the highest dose (25
�M) of MB. Significant differences were found when comparing
PBS-treated CHO/APPWT cells (control) to cells that were
challenged with 3.13–25 �M of MB (Fig. 5C, **, p � 0.01; ***, p �
0.001). To determine whether BACE1 protein levels were
reduced by MB treatment, MB-treated CHO/APPWT cell
lysates were probed with a carboxyl-terminal BACE1 monoclo-
nal antibody (Fig. 6A). Significant differences were quantita-
tively found when comparing PBS-treated (control) CHO/AP-
PWT cells to cells that were treated with 1.56 –25 �M MB (Fig.
6B, *, p � 0.05; **, p � 0.01; ***, p � 0.001).

To clarify whether MB directly or indirectly inhibited BACE1
activity, we employed a BACE1 activity assay consisting of com-
bining a dose range of MB in a cell-free system with BACE1
enzyme and fluorogenic reporters. The result was positive in
that significant differences were detected with 1.56 –25 �M MB
(Fig. 6C, 65.1 to 74.5% of 100% BACE1 activity, *, p � 0.05). Of
note, significant reduction in BACE1 activity was evident even

FIGURE 5. Inhibition of amyloidogenic precursor protein metabolism in CHO/APPWT cells by methylene blue. A, A�1– 40 and A�1– 42 species were
separately measured in cell supernatants from CHO/APPWT cells by sandwich ELISAs. B, inhibition of amyloidogenic APP processing in CHO/APPWT cells treated
with various doses of MB. Western blots using an amino-terminal A�1–17 monoclonal antibody (mAb 6E10) or a carboxyl-terminal BACE monoclonal antibody
(mAb BACE) show holo-APP, carboxyl-terminal fragment generated by amyloidogenic APP cleavage (C99, �-CTF), and BACE, respectively. �-actin is included as
an internal reference control, and densitometry data are shown as ratios of �-actin below each lane. C, densitometry results are shown as ratios of C99 to �-actin
at various MB doses. All statistical comparisons are between 0 �M and various doses of MB (*, p � 0.05; **, p � 0.01; ***, p � 0.001), and similar results were
observed in 3– 4 independent experiments.
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at the lowest dose (1.56 �M) of MB used (Fig. 6C, *, p � 0.05).
Moreover, to determine whether the effects of MB were con-
fined to �-secretase, MB-treated CHO/APPWT cell lysates were
probed with antibodies against three major �-secretase compo-
nents as follows: nicastrin, PS1, and PEN-2. Densitometry dis-
closed comparable band intensities for nicastrin, PS1, and
PEN-2 proteins at any MB dose examined, supporting selective
�-secretase modulation by MB treatment (Fig. 6A). Impor-
tantly, CHO/APPWT cells treated with escalating doses of
MB did not evidence cellular toxicity, as examined by lactate
dehydrogenase release cytotoxicity assay (data not shown).
Together, these results show that MB reduces �-secretase
cleavage and consequent amyloidogenic metabolism of
APPWT protein.

DISCUSSION

We report that oral MB treatment of aged PSAPP mice for 3
months improves behavioral impairment, attenuates cerebral
amyloidosis, and dampens amyloidogenic APP metabolism by
inhibiting BACE1 expression and activity. Parallel results from
cultured CHO/APPWT cells supported MB attenuation of A�
generation and inhibition of �-secretase cleavage. Further-
more, cell-free BACE1 activity assay confirmed a direct mode of
MB action on inhibiting BACE1 activity. Collectively, the pres-
ent results provide preclinical evidence that long term MB
treatment is a promising AD-modifying therapy.

MB, a cationic dye with the molecular formula C16H18N3SCl,
belongs to a class of compounds known as phenothiazines. MB
is water-soluble, and its color is deep blue in the oxidized state
(maximum absorption at wavelengths of 609 and 668 nm), and

colorless when in the reduced state (leuco-MB). Both MB and
leuco-MB exist as a redox couple in equilibrium, forming a
reversible oxidation-reduction system or electron donor-ac-
ceptor couple (8, 9). MB is currently approved for a number of
therapies, including treatment of inborn methemoglobinemia
and acquired methemoglobinemia induced by overexposure to
drugs (i.e. nitrophenol, nitrate, cyanide compound, etc.), ifosf-
amide-induced encephalopathy, urinary tract infections in
elderly patients, vasoplegic adrenaline-resistant shock, and
pediatric malaria. Moreover, the drug has been employed as a
dye in neuroanatomy, neuropathology, and bacteriology. MB
has also been used as a tracer dye for intraoperative visualiza-
tion of nerve tissues and endocrine glands and for the detection
of fluid leaks in gastrointestinal and urinary systems as well as
pathological fistulae (8, 9).

MB has pleiotropic biological activities and targets a num-
ber of molecules (i.e. monoamine oxidase A, nitric-oxide
synthase (NOS), guanylate cyclase, methemoglobin
(metHb), acetylcholinesterase (AChE), and disulfide reduc-
tases such as glutathione reductase or dihydrolipoamide
dehydrogenase (45, 46)). Given this bioactivity profile, we
hypothesized that long term oral MB treatment to aged cer-
ebral amyloidosis model mice may show disease-modifying
effects and also delay the progression of AD-like pathology,
even if administered late in the course of disease. To test this,
MB was orally given to 15-month-old PSAPP mice at 3
mg/kg/day via gavage, as this treatment strategy more pre-
cisely delivers agents compared with ad libitum access to
drinking water or chow.

FIGURE 6. Methylene blue modulates BACE1 expression and activity in CHO/APPWT cells. A, modulation of BACE1 expression in CHO/APPWT cells treated
with various doses of MB. Western blots are shown using a carboxyl-terminal BACE monoclonal antibody (mAb BACE), a nicastrin polyclonal antibody (pAb
nicastrin), a carboxyl-terminal PS1 monoclonal antibody (pAb PS1), and an amino-terminal presenilin enhancer 2 (PEN-2) polyclonal antibody (pAb PEN-2).
�-actin is included as an internal reference control, and densitometry data are shown as ratios of �-actin below each lane. B, densitometry results are shown as
ratios of BACE to �-actin at various MB doses. C, cell-free BACE1 activity assay results are displayed, and % of BACE1 activity is shown on the y axis. All statistical
comparisons are between 0 �M and various doses of MB (*, p � 0.05; **, p � 0.01; ***, p � 0.001), and similar results were observed in 3– 4 independent
experiments.
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In the clinic, the recommended safe dose of MB is between 1
and 4 mg/kg (47). The LD50 of orally administered MB is as high
as 1,180 mg/kg in rats and 3,500 mg/kg in mice (8), and the dose
that we administered to aged mice (3 mg/kg/day) is orders of
magnitude lower. The tolerable daily intake in humans can be
extrapolated from rodent LD50 threshold data (48). Assuming
that the default uncertainty factor accounting for interspecies
variation is 10 (49), the tolerable daily intake calculated from
mouse LD50 is 21.0 g of MB for a 60-kg human, which is con-
siderably above the dose administered in this study.

However, adverse effects must be taken into consideration
for any therapeutic agent, as such effects have the potential to
arrest clinical trials, regardless of efficacy. Thus, it is worth
mentioning that we did not detect adverse events, including
occurrence of atypical behavior, altered food/water intake, or
mortality associated with long term MB treatment, except for
pale blue coloration of urine and feces as well as the mucosal
surface of the urinary bladder, stomach, and duodenum. These
findings reinforce the notion that the dose of MB used in aged
mice is safe, although toxicology analyses for long term MB
treatment would be necessary to conduct in humans.

As to how MB exerts its biological effects, the compound has
a low molar mass (319.86 g/mol) in anhydrous form. MB passes
the blood-brain barrier irrespective of the administration route
and has been shown to be highly bioavailable in the brain (50,
51). The oral absorption of MB is reported to be 53–97% with
plasma peak concentrations after 30 – 60 min (52). About
65– 85% of MB is reduced in erythrocytes and peripheral tissues
to the leuco-MB form (52). However, given its hydrophilicity
and its positive charge, it is not likely that MB passes lipid
bilayer membranes. In this regard, the presence of a sulfur atom
has been suggested as the reason for its high affinity for neural
tissues (53). Moreover, cationic MB is reduced to its uncharged
leuco-MB form by a plasma membrane reductase immediately
before crossing the blood-brain barrier, followed by intracellu-
lar redoxidation to the oxidized form. Both MB and leuco-MB
exist as a redox couple in equilibrium, forming a reversible oxi-
dation-reduction system or electron donor-acceptor couple.
Importantly, leuco-MB is uncharged, lipophilic, and enters
cells by diffusion across the plasma membrane where it can be
re-oxidized and thus sequestered within neuronal cells (8, 9).
Future study is warranted to examine which form of MB medi-
ates its biological actions on mitigating A� pathology.

Our results show that long term MB treatment significantly
improves transgene-associated behavioral impairment, includ-
ing hyperactivity, decreased object recognition, and defective
spatial working and reference memory, but does not alter non-
transgenic mouse behavior. Our data are consistent with prom-
ising results from a phase II clinical trial of MB (methyl-
thioninium chloride, RemberTM) for mild to moderate AD
patients, showing significant improvement of cognitive decline
after a 6-month treatment as compared with placebo controls,
and stabilized AD progression over the course of a year (15, 16).
Moreover, it has been reported that MB treatment in 3�
Tg-AD model mice rescues learning and memory deficits and
reduces A� levels by increasing chymotrypsin- and trypsin-like
activities of the proteasome; but has no effect on Tau accumu-
lation, phosphorylation, and mislocalization in the brain (54).

Furthermore, it has been reported that PSAPP mice treated
with MB have reduced cognitive impairment, cerebral amyloid
load, and mitochondrial dysfunction (55). As to how MB exerts
its beneficial effects on cognitive impairment, there is evidence
that the cholinergic system plays an important role in the reg-
ulation of learning and memory, and it is well-known that MB
can inhibit AChE activity. Failure of the cholinergic system
leads to a shift toward the amyloidogenic pathway, and the cho-
linergic hypothesis holds that loss of acetylcholine contributes
to cognitive decline in AD (56). Based on this hypothesis, AChE
inhibitors are currently prescribed as pharmacotherapeutics in
parallel with N-methyl D-aspartate antagonists.

Our results further show that brain parenchymal and cere-
bral vascular �-amyloid deposits as well as levels of various A�
species, including oligomers, are mitigated in MB-treated
PSAPP mice. Thus, the relationship between behavioral benefit
and ameliorated cerebral amyloidosis after MB treatment
deserves consideration. There are extensive reports that selec-
tive removal of A� species by immunotherapeutic approaches
remediates behavioral impairment in AD mouse models (57–
59); yet, it has been shown that cerebral �-amyloid deposits do
not correlate well with behavioral impairment (60, 61). This
conflicting evidence has led to the speculation that A� oligo-
mers are the critical neurotoxic species (62– 64). In support,
there is a strong correlation between abundance of soluble A�
oligomers and cognitive disturbance in mouse models of cere-
bral amyloidosis (58, 61). In this regard, we found decreased
oligomeric A� by Western blot and by sandwich ELISA in brain
homogenates from MB-treated PSAPP mice. These observa-
tions may be owed to less amyloidogenic �-secretase APP pro-
teolysis. Consistent with our results, MB has been reported to
inhibit the formation of A� oligomers (65), and extracellular
accumulation of a 56-kDa soluble A� assembly (A�*56) perpe-
trates memory deficits in Tg2576 mice (66). Collectively,
although A� is generally considered to be responsible for
behavioral deficits in transgenic mouse models of cerebral amy-
loidosis, it should be noted that the primary result of reduced
�-cleavage of APP proteolysis by MB treatment is reduced C99
and sAPP-�. Thus, it remains possible that MB reduction of any
combination of amyloidogenic APP metabolites (including C99
and sAPP-�) could at least partially contribute to cognitive ben-
efit in PSAPP mice.

MB was originally reported to be a potential inhibitor of Tau
aggregation in vitro (67, 68). However, this earlier result was not
confirmed in a zebrafish model system (69). It was later
reported that MB treatment of 3� Tg-AD mice rescued defec-
tive learning and memory and reduced A� abundance by
increasing chymotrypsin- and trypsin-like activities of the pro-
teasome, but those authors did not find any effect on Tau accu-
mulation, phosphorylation, or mislocalization (54). Although
these reports apparently contradict earlier in vitro studies
showing that MB can inhibit Tau aggregation (67, 68), there
have been accumulating positive reports using Tau transgenic
mice and other systems (e.g. primary neuronal or organotypic
slice cultures) that confirm the original observations (70, 71).
Given this apparent effect of MB on Tau, the compound’s use as
an AD therapeutic has been evaluated. Results from a phase II
clinical trial of MB (methylthioninium chloride, RemberTM) for
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mild to moderate AD patients showed significant improvement
of cognitive decline compared with placebo. Additionally, MB
slowed AD progression over the course of a year (15, 16).

Our results also demonstrate that MB treatment attenuates
amyloidogenic �-secretase APP cleavage, both in vivo and in
vitro. Of interest, we found that MB targets BACE1 protein
stability (without affecting BACE1 mRNA expression) and
�-secretase activity, resulting in decreased abundance of
�-secretase cleavage metabolites (C99/P-C99 CTFs) and sub-
sequent A� species, including oligomeric forms. Thus, MB
exerts its effects on BACE1 both by limiting protein abundance
and also by directly reducing enzymatic activity, as shown in a
cell-free BACE1 activity assay. Furthermore, data from this
cell-free BACE1 activity assay clearly indicate that MB com-
petitively inhibits the binding of the BACE1 substrate
(H-RE(EDANS)EVNLDAEFK(Dabcyl)R-OH in DMSO) to
BACE1. Regarding the selectivity of MB as a �-secretase mod-
ulator, MB treatment of PSAPP mice did not alter PS1 expres-
sion in brain homogenates (Fig. 4A). Moreover, expression of
three key �-secretase components: nicastrin, PS1, and PEN-2
proteins, remained unaffected in CHO/APPWT cell lysates
treated with escalating doses of MB, supporting selective
�-secretase modulation by MB treatment (Fig. 6A). Amyloido-
genic �-secretase cleavage of APP molecules is thought to be a
rate-limiting step for A� generation (40 – 44), and both �- and
�-secretases compete for APP proteolysis (72). Thus, reducing
�-secretase activity and limiting its protein abundance could
theoretically polarize toward nonamyloidogenic �-secretase
cleavage, and this has generally been the therapeutic rationale
for �-secretase modulators.

Collectively, our data indicate that mitigated cerebral amy-
loidosis in PSAPP mice and decreased A� secretion from CHO/
APPWT cells following MB treatment are, at least partially,
because of reduced amyloidogenic �-secretase cleavage of APP
molecules. Nonetheless, it remains possible that reduced
BACE1 levels/activity would also impact processing of other
BACE1 substrates. In this regard, long term modulation
of BACE1 activity has been indirectly shown to affect alterna-
tive BACE1 substrates (i.e. the cell adhesion protein P-selectin
glycoprotein ligand-1 (73), the APP homolog proteins APP-like
protein 1/2 (74, 75), the low density lipoprotein receptor-re-
lated protein (76), the �-subunit of voltage-gated sodium chan-
nels (77), and the control protein of myelination (78, 79). Rele-
vant to this issue, BACE1-null mice are reported to be viable
and to have a normal phenotype, suggesting that inhibition of
this enzyme could be clinically feasible with few side effects
(80 – 82). By contrast, it should be noted that recent reports
demonstrated that BACE1-null mice have several abnormali-
ties (83– 86), raising a concern that complete inhibition or
entire absence of BACE1 function may not be free of unwanted
side effects. More to this point, it is known that MB is pleiotro-
pic and targets other substrates, including monoamine oxidase
A, NOS, guanylate cyclase, metHb, AChE, and disulfide reduc-
tases (45, 46). Therefore, long term administration of MB for
AD treatment could significantly impact normal brain func-
tion. Thus, further translational study is warranted to examine
whether long term MB therapy has effects on proteins other
than BACE1 and is safe for use in the clinic.

In conclusion, our data demonstrate that long term oral MB
treatment in aged Alzheimer PSAPP mice for 3 months reme-
diates behavioral impairment while concomitantly ameliorat-
ing cerebral amyloidosis by modulating �-secretase. MB has
low toxicity, low molecular mass, high water solubility, high
bioavailability, ability to cross the blood-brain barrier, and is
already approved for use in the clinic. If cerebral amyloid
pathology in this transgenic mouse model mirrors the clinical
syndrome, then long term MB therapy could be a safe and
promising disease-modifying therapy to advanced AD with no
discernible side effects.
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